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" - ABSTRACT

millimeter-wave travelling-wave IMPATT diode is studied. This

device has a simple configuration and is suitable for monolithic inte-

gration. The travelling-wave structure permits oscillation of the

IMPATT diode at a desired frequency without any external resonant cir-

cuit, making the whole system extremely simple. The theoretical analy-

sis determines the condition under which gain is produced in the IMPATT

device. A reasonable agreement is obtained with the experimental

results.
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CHAPTER 1 : INTRODUCTION

An impact avalanche transit time ( IMPATT ) diode is an attrac-

tive source at millimeter-wave ( mm-wave ) frequencies because it is

capable of producing a large power. An IMPATT diode is a pn diode which

utilizes the avalanche multiplication effect in the depletion layer

under the breakdown condition to generate mm-wave energy. The size of

the depletion layer thickness of an IMPATT diode is determined by its

operation frequency. As the frequency becomes higher, a thinner ,.

depletion layer is required for efficient IMPATT operation. This, how-

ever, results in a smaller negative resistance for the same device area,

which makes impedance matching to the external circuit difficult. One

way to overcome this limitation is to shunt-resonate the large capaci-

tance of the IMPATT diode. A travelling-wave structure with an appropri-

ate length is one way of realizing the shunt resonance [1-3]. Fig. 1
L.

shows a very simple single-drift travelling-wave IMPATT diode. The

structure is elongated in one direction ( the z direction ) and the elec-

tromagnetic wave travelling along this direction draws energy from dc

current by the IMPATT mechanism and is therefore amplified.

This type of IMPATT diode was first proposed by Midford et.al.,

[1]. They actually constructed a silicon ( Si ) single-drift deviced

and tested it as an amplifier. One advantage of the travelling-wave

IMPATT diode over the lumped construction is that it can be used as an

oscillating source as well as a two-port amplifier depending on the
11"
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length and the coupling condition to the external circuit. For example,

if the device length were one half wavelength at the designated frequency

and the both ends of the device were left open-circuited, then it would

oscillate by itself at the desired frequency without an external reso-

nant circuit. This configuration makes the whole circuit simple, and

therefore this device is suitable for integrated circuit. On the other

hand, if the device were oonnected to the external circuit with good

impedance matching, then It would amplify the signal coming from one end.

This amplifier also works in both directions, and the structure is again

very simple.

The travelling-wave IMPATT diode has attractive features but not L

much work had done on it until the recent technological development in

semiconductor processing. Molecular beam epitaxy ( MBE ) is capable of

producing very thin uniformly doped semiconductor layers, which is nec-

essary for a millimeter-wave IMPATT diode (4]. It is possible to make

uniform 0.1 jm-thick layer over a 1 mm-long device using MBE technology,

and experimental work shows that such a device generates a useful amount

of power at mm-wave frequencies, 30 - 90 GHz [5].

Part II comprises a theoretical analysis of the travelling-wave

IMPATT diode. All possible losses caused by the conductors as well as

the semiconductors are included in the analysis since their contribution

at mm-wave frequencies are not negligible. Under the small-signal

assumption, numerical results have been obtained for Si single-drift and

GaAs double-drift travelling-wave IMPATT diodes. Comparison with exper-

imental results obtained by other authors shows good agreement.

-. .. .. . . . . . . . ....... ......... ...........-
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CHAPTER 2 TRAVELLING-WAVE IMPATT THEORY

A travelling-wave IMPATT diode contains several very thin semi-

conductor layers. This makes it feasible to assume that the diode is

very wide compared to the thickness. The structure to be studied, there-

fore, reduces to a one-dimensional multilayered parallel-plate waveguide

containing an active IMPATT medium. Fig. 2 shows the side view of the

double-drift travelling-wave IMPATT diode. Materials change only in the

x direction, and the electromagnetic wave is assumed to propagate in the

z direction. In the y direction, both material constants and field com-

ponents are assumed to be uniform. Under an appropriate reverse dc bias

condition, avalanche breakdown occurs mainly along the pn junction at

the center of the device. Charge carriers travel in the n and p regions

at saturation velocities. If a single-drift travelling-wave IMPATT

diode is considered, the two center regions ( n and p ) should be

replaced with a single ( n ) material. Since this can be considered as a

special case of the double-drift device, the theory is developed for the

double-drift device.

In a multilayered structure, the dominant propagating mode is a

TM mode. This mode has only the y component of the magnetic field and

the x and z components of the electric field. This mode becomes a TEM

mode if the material contained between two conductors is uniform and the

conductors are perfect. However, the structure contains several differ-

ent materials between conductors, and the conductors usually consist of

4

L
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a couple of different metals in order to form proper contacts. Therefore

transverse magnetic ( TM ) propagation occurs in the entire structure,

and establishes the required boundary conditions.

The analytical process is summarized as follows. A system of

differential equations governing IMPATT behavior are first solved to

determine the boundary of the space-charge region. For example, in the

single-drift diode, the space-charge region extends from inside of the

p+ region to the point near the nn+ boundary ( Fig. 3 ). The wave L..

equation is then solved in each layer including this active region. The

tangential electric and magnetic fields must be matched at every bounda-

ry. The quantity obtained from the analysis is the propagation constant L

of the travelling wave. This is a complex quantity with which the gain

and phase of the wave in the device can be investigated.

ANALYSIS OF THE SPACE-CHARGE REGION

The space-charge region consists of the avalanche region and the

drift region, in which the dc electric field is strong enough so that the

carrier electrons and holes travel at saturation velocities. In prac-

tice, if the pn junction is formed by two uniform p and n materials, then

the avalanche and the drift regions can not be separated. In other

words, these two processes occur simultaneously in the space-charge

region. In order to physically separate these two regions, it is neces-

sary to control the doping variation in the device ( for example, the

Read diode [6] ). In the millimeter-wave IMPATT diode, however, it is

4..
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Figure 3 Space-charge region formed in the-

single-drift IMPATT diode
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usually difficult to control the variation of the doping level in each

layer near the pn contact since the entire structure is very small.

Therefore, the avalanche and drift regions can not physically be sepa-

rated. For this reason, we have to treat the space-charge region without

separating it into two different regions.

The differential equations governing the IMPATT medium are as

follows [7]:

2.
2'a *E &lca 2  ac

VE= (N NA + p-n) .

(2)

an 1
-=-V+ +aJj I 0 I)

at q n n.,

(3)

ap 1
- ( -V'J +U I I I)

at q n n,

(4)

where

, .4

. .%

" . " ) ff. mm ". "i "i ". . q d m
m

).. . . .. . . . .. . . .... . . . . . . . . . . . . . " . r . .
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E = electric field

j = conduction current
4

n = electron currentnm

J = hole current

NO = donor impurity concentration

NA = acceptor impurity concentration

n = electron concentration

p = hole concentration

a = generation rate for electrons

generation rate for holes

q = unit charge

= permittivity

1.' = permeability

The first two equations are derived from the Maxwell's equations and the

remaining equations represent continuity of the current and charges.

The generation rate ( ionization rate ) a and 0 are functions of the mag-

nitude of the electric fields and the relations are given by [8]

b
a = A exp(- ] }IE(x)lI

(5)

. -.
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The values of A, b, and m appearing in these equations are given in

Table 1 for Si and GaAs. The generation rate is the rate of producing

electron-hole pairs which is caused by avalanche multiplication.

To solve the differential equations ( I ) through ( 4 ), we have

to make a few assumptions. First we separate each variable into dc and

ac parts. It is assumed that the ac signal is much smaller than the dc

value, and we take only the first-order sinusoidal term in the ac compo-

nent. Also, we assume a travelling-wave form for the ac term which has a

propagation constant 1. For example, the x component of the electric

field is written as

L tIT

Ex = EDC +Ex eJWt - z

(6)

The dc bias voltage is applied only in the vertical direction ( x

direction ). Therefore we retain only the x components of the dc quanti-

ties. Also, the carrier velocities in this direction are limited to the

saturation velocities by the high dc electric field in the IMPATT medium.

The relation between the x component of the current density and the car-

rier concentration can simply be described as:

nx ns

px =qpvps

(7)



Table 1 Parameters of generation rates a and

electrons holes
material A b A b m

Si 3.8 x 10' 1.75 x 10' 2.25 x 10' 3.26 x 10' 1

GaAs 3.5 x 10' 6.85 x 10' 3.5 x 10' 6.85 x 10' 2 t

L
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where v,~ and v, are the saturation velocities of the electrons and the

holes, respectively, in the semiconductor material.

Using these relations, the differential equations governing the

.4 dc components are written as follows:

dxDC q

Dn A

(8)

d~o -.

dxDC

dx ~~nxDC pxDC = 0

nxC xDC =xD

(10)

where J0is a constant. Physically, J 0 represents the total dc bias cur-

rent flowing in the IMPATT diode. This is an arbitrary constant and can

be externally set to any value.

12 .. "-

L-'Usngthseratonhe differential equations foghccmpnnsaeoverninge a--...s

dccmoet r rte sfollows:..2"'+.

V".4
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d 2 E x dJp I W nx
)+ jWUJn j nx px

d2  C dx v dx

-(3 +w us) x 12)

dEx 1 px n

dx Z C vp v 13

-Jn T nJ +UJ n J
f l X d xf lf XP

+IInxDC pxDC x (4

dx p nx px

+(JDCO + pxDC0  x

(15)

where a' and ~'are the derivatives with respect to the electric field.

Since there is no dc bias voltage applied in the z direction, we can use
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the following relations between the z component of the current density

and the electric field:

dnz OnEz 

J =oEpz p z

(16) -

where an and a are the conductivities due to the electrons and holes,

respectively. These conductivities can be calculated from the distrib-

ution of the dc current densities: ..

JnxDC L
On = q~nn = in n Lv n

dpxDC
0p =p L".S pv Vps

(17 )

where P and are the mobilities of electrons and holes, respectively.

Since the z component of the electric field can be expressed by eq.

( 13 ), eqs. ( 14 ) and C 15 ) become:

S .. .O
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W dnx 1 ' 1n

dx v VP E p

dE x
(nxCG+J i pD )E +0 C -

pxDC X ~ dx

I (18)

dWpx 1 op -1 p-
--W + (--(w-+] + - - a .~J

dx v px v en

a dEx
(jnxDCG'J 0'E +0 -LpxDC x P dx

(19)

I The ac equations to be solved are eqs. (12 )(18 )and (19 )

BOUNDARY CONDITIONS

In order to solve the above differential equations, we have to

specify all the boundary conditions. The boundaries of the space-charge

region are not yet known and must be determined by applying the dc bound-

/ary conditions. The dc electric field becomes negligible outside of the

space-charge region since the outer regions are much more conductive
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than the space-charge region, which is basically a depletion layer. At

the space-charge region boundary in the n layer, the current consists of

only electron current. Also, at the p layer boundary, the current con-

sists of only hole current. By applying these conditions, both bounda-

ries of the space-charge region can be determined.

Once we have found the boundaries of the space-charge region, we

can apply boundary conditions to the ac quantities. The boundary condi-

tions on the ac current densities are the same as in the dc case:

Jpx 0 at the boundary in n layer

= 0 at the boundary in p layer

(20)
L

The tangential field components, H and Ez, must be matched to the out-y
side regions.

Outside of the space-charge region, we have conductive materials 1.

which do not contribute to producing rf energy. In such a region, we can

write the field components as

it x  -Jix ";'

H = e + Bi e
y

(it j x  -R~ix
jix

E - (Ae -B e

(21) L

1"%•

-- "i. * ...

;:-T T ... L. )T T T
T -

-TZTT. - .- * . T ..T - ; T I
TT T L



.1

I

17

where

I

2 = a'2  2

and A. and B are constants determined from the boundary conditions.

These field components can be matched at each boundary of the metal and

semiconductors, which leads to an elgenvalue equation for the propa-

gation constant. At the space-charge region boundaries, these field

quantities are transformed into field quantities used in the ac

equations (12), (18) and (19) by using the following relations. -

IN jweE *J +J
y x px nx

dE ~ 1
x I px nx

dx E vps Vns

( 22 )

The solutions of the dc and ac differential equations are

obtained by Runge-Kutta integration. The second-order equation ( 12 ) is

formally separated into two first-order equations, and since the ac

equations are complex, they are separated into real and imaginary parts

and treated as different equations. Iteration Is then performed until

all of the above boundary conditions are satisfied. The fourth- and

fifth-order Runge-Kutta routine RKF45 In the numerical analysis library

at The University of Texas was used extensively. This routine was first

" !))~Iii
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written by H. A. Watts and L. F. Shampine at Sandia Laboratories and can

be found in (9]. Also the system nonlinear equation solver, ZSPOW, and

the complex root-search routine, ZANLYT, in IMSL were both used to match

the boundary conditions.

t

L

. . . ...



CHAPTER 3 SINGLE-DRIFT TRAVELLING-WAVE IMPATT DIODE

The theoretical analysis was first applied to the simple sin-

gle-drift travelling-wave IMPATT diode ( n+np+ ) which had been analyzed

by Franz using a different method [7]. The material used is Si and all

the layers except the depletion region ( n layer ) are assumed to be per-

fect conductors. The dimensions and the other parameters are shown in

Table 2. In this particular structure, the entire n region becomes the

space-charge region under operating conditions. Therefore the boundary

of the space-charge region is already known. The remaining boundary con-

ditions to be satisfied are the conditions on the current densities and

the electric field: the z component of the electric field is required to .

be zero at the n+n and np+ boundaries.

The calculated results are shown in Fig. 4. In Fig. 4a, the gain

produced in the diode is shown for various dc current densities. The

upper half of the figure indicates gain and the lower half indicates

loss. As the dc current density increases, the gain also increases.

Each curve has a discontinuity at a certain frequency. For example, when

the dc current density is 1x10 7 A/M2 , a large loss suddenly becomes a

large gain around 6.5 GHz. The frequency of the discontinuity in the

gain corresponds to the avalanche resonant frequency where the negative

resistance of the conventional lumped IMPATT diode has a discontinuity

[10,11]. The maximum gain constant is obtained just above this disconti- -

nuity. In practice, however, if the device is operated at the frequency

19
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Table 2 Parameters used in the calculation of Si

single-drift travelling-wave IMPATT diodeL

dielectric constant er 11.8

donor concentration ND) 2.2x1011 /ml L

depletion layer thickness 7.0 Urn

saturation velocity (v5  10s rn/sec
sL
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6 1x107 A/rnm
7x106

5x106

C

C I
0

C

Ch-

0

5 10

frequency 6Hz

Figure 4a Gain constant versus frequency in the

single-drift travelling-wave IMPATT diode

Parameter is DC bias current density.
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0 5 t0o1

frequency 6Hz

Figure 4b Propagation constant versus frequency in

the single-drift travelling-wave It4PATT

diode Parameter is DC bias current

* density.
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just above the avalanche frequency, the operating point moves back and

forth between the regions of gain and loss because of the large-signal

nature of the actual device. Therefore, the device can not generate a

stable net gain. Hence the operating point should be chosen well above

the avalanche resonance frequency. This theoretical discontinuity

occurs because of the small-signal assumption, and therefore the theory

can not be used to predict the behavior of the device near avalanche res-

onance. If the behavior of the device near the avalanche resonance is to ..

be investigated, a large-signal analysis needs to be done.

The propagation constant is shown in Fig. 4b. The curves are

shown only at frequencies higher than the avalanche resonance frequency.

The phase velocity of the travelling wave approaches the velocity of a

TEM wave in lossless Si material c r=11.8 ) as the frequency increases.

Also the phase velocity increases as avalanche resonance is approached. L

These results can be compared to those obtained theoretically by

Franz [7]. The theoretical values of gain are much smaller than Franz's

while the behavior of the propagation constants agrees qualitatively. t.

The difference is due to different simplifying assumptions. Fig. 5

shows the dc solution of the present device. Fig. 5b indicates that ava-

lanche multiplication occurs in more than half of the entire depletion

region. This means that the assumption made by Franz that the avalanche

region is infinitesimally thin and the entire space-charge region can be

treated as a drift region should not be used. Actually carrier drift and

avalanche multiplication occur simultaneously. It is not necessary to

distinguish these two regions in this analysis. The effect of the loss

caused by the inactive regions will be discussed in the next chapter.
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CHAPTER 4 DOUBLE-DRIFT TRAVELLING-WAVE IMPATT DIODE

A double-drift IMPATT diode is potentially capable of producing

more power than a single-drift diode (12-14]. The depletion region of

the double-drift diode consists of two layers ( p and n ). The dc elec-

tric field is maximum at the center junction ( pn junction ) and there-

fore avalanche multiplication primarily occurs in this region.

The parameters chosen for the numerical calculations are shown

in Table 3. The structure consists of 8 layers and is very similar to

the one used in the experiment of Bayraktaroglu et.al. [5]. The inactive

layers are treated as lossy dielectric layers and their effect is taken

Into account.

The computed results for gain and propagation constants are pre-

sented in Fig. 6. As frequency decreases and approaches avalanche reso-

nance, the gain increases and the phase velocity of the wave increases.

In these figures, dotted lines indicate the results for the special case

that the depletion region is replaced by a lossless material, where

slow-wave propagation becomes evident. Each curve asymptotically

approaches the dotted line at high frequencies, since the device becomes

inefficient there and deviates from IMPATT operation.

Fig. 7 compares the present theory and the experimental results

obtained by [5]. The device was used as an oscillator with one end open

and the other terminated in a short. In the figure, white circles (o)

show the actual device lengths and the oscillation frequency obtained in

26
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Table 3 Parameters used in the calculation of GaAs

I double-drift travelling-wave IMPATT diode

material thickness (jin) doping level (/m') conductivity (S/rn)

Au 7.0 4.3xl0'

Ti 0.1 1.8xl06

n+ GaAs 0.2 5.0x1O24 6.8xI0'

n GaAs 0.3 1.5x102' 2.0xl0'

p GaAs 0.3 1.5x 1023 9.6xl02

p+ GaAs 0.2 5 OX1024 3.2xl0'

Ti 0.1 1.8x106

Au 7.0 4.3xl0'

pt

p I-
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dB/MM

10

C

C 5I

00

-10L

Figure 6a Gain constant versus frequency in the double-

drift travelling-wave IMPATT diode Parameter

is DC bias current density.

Active region is replaced by loss-

less GaAs material.
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the experiment, and black dots (-) show one-third of the actual device

length ( i.e., the device is considered to be oscillating at

three-quarter wavelength ). The three solid curves indicate the theore-

tical quarter wavelength where net gain is produced in the device. They

are in good agreement except for two black dots where higher order reso-

nance ( 3X/4 ) takes place. In these cases, the actual terminating con-
--.

ditions might have a more dominant effect on the oscillation frequencies

( i.e., not quite open circuit). I.

Fig. 8 shows how gain changes with respect to the dc current. As

the dc current increases, the gain also increases but suddenly goes to a

large loss below a critical bias point. This fact qualitatively agrees k

with the results of power measurements for conventional IMPATT diodes

[4]. ::

The oscillation frequency of the double-drift travelling-wave ,

IMPATT diode is plotted with respect to the dc bias current In Fig. 9.

The device length is fixed at 30 mils. Circles are the experimental

results obtained by Bayraktaroglu [15]. Our theoretical curve closely .

follows them. In their experiment, a mode jump was observed around

Jo=8x107 A/m2 , although the theory shows continuous transition. In

order to investigate this phenomenon, it is really necessary to include 1

the effect of the coupling to the external circuits. In the figure, the

dotted curve shows the oscillation frequency if the propagation constant

is equal to that of TEM wave in a lossless GaAs material ( er= 13 .0 ) L

Therefore, the theoretical and experimental results show the fast wave

nature of the travelling-wave IMPATT diode.

IL



32

dB/m

10

4 J

4J f -35GHz

C 0 . . . .
10 0. 1.0 8 2 -

tm 0. 1.0xIO A/rn

DC current

Figure 8 Gain constant versus DC bias current



33

GHz

60

,- 5 0 0 0 0

0*

140

0

00



CHAPTER 5 PERIODIC IMPATT OSCILLATOR

So far, the discussion pertains only to the uniformly distrib-

uted IMPATT diode. It was shown that such a diode produces gain in the

electromagnetic wave travelling along the pn junction. Such a diode is

required to have extremely uniform semiconductor layers in order to have

the same breakdown voltage over the diode area.

A travelling-wave IMPATT oscillator can also be realized by

using a conventional TEM parallel-plate waveguide loaded periodically

with lumped IMPATT diodes. This structure is shown in Fig. 10. Since

each diode has a small area, it is easy to fabricate. Also, the struc-

ture includes the resonant circuit if appropriately cut and terminated. L

Therefore, we again do not need any external resonant circuit, and the

entire system is kept simple.

In this chapter, a simple analysis of the periodic IMPATT oscil- L

lator is presented. The structure is basically modeled by a transmission

line loaded with IMPATT impedances. The effect of the supporting metal

posts are also included by calculating the inductance of the post. Some

preliminary results are shown in the last section of this chapter.

L
CALCULATION OF THE POST IMPEDANCE

The parallel-plate waveguide loaded periodically with IMPATT

34
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a I

metal posts

IMPATT diodes

b

Figure 10 a Top view of the periodic IMPATT oscillator

b Side view
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diodes is modeled by an equivalent transmission line loaded with impe-

dance Zp. The impedance Z is a sum of the ac IMPATT impedance and the
p, p

metal post reactance. In this work, we treat the IMPATT diode as a

lumped element, and the electric field component and current density are

assumed to be oriented in the x-direction. The governing dc equations

are the same as those developed in Chapter 2, i.e., ( 8 ), ( 9 ) and

( 10 ). The ac equations have simpler forms as follows:

dE 1 1 1 - J jws-
-- -((-+-)J -- +-E)

dx z vps Vns P Vns Vns

(23)

dJ Jt.ap- ac

dx vdx V~ps .. :

+ ( JnoCa ' + JpDC' - iwec ) E

( 24 )

These equations are solved in a similar way to the previous analysis of

the travelling-wave IMPATT diode. The ac electric field is then inte-

grated over the entire IMPATT region to give the ac voltage, from which L

we can obtain the ac impedance of the diode.

The metal-post reactance needs to be calculated. Since the

thickness of the IMPATT diode is much smaller than the length of the sup-

....................... - .. :.. ,.....-
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porting metal post, we can not neglect the effect of the reactance of the

post. The metal post is assumed to be uniform in diameter. We use the

conventional mode-matching technique to calculate the first-order induc-

tance of the post [16]. The cross-sectional view of the waveguide model

is shown in Fig. 11. The post is assumed to be located at z=O. A magnet-

ic wall is placed on both sides and the field around the metal post can

be expanded as follows:

- mix -XmI zi .

Ey = A cos- e
m=O m a

(25) L
1 ,,minx -rmlZI 2

Hx T- -r,,m Am cos-e m sgn(z)
jWU m=O a

(26)

where

= ¢/m-'2 "k 2  L.

m a

The assumption of continuity of Hx at z=O gives:

L_
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Figure 11 Cross-sectional view of the analytical model

for the calculation of the metal-post reactance
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2 , mIx
-~ I Am Im cos- = I 6(x-D)

jwUM m a

27)

where I is the current flowing on the metal post and 6(x) is the Dirac

delta function. Using Fourier analysis, we can obtain Am and hence:

j w miD mix -M IzI
E = - I cos- cos- e

m=0 T ma a a

(28)

We now assume that the incident wave is:

-rz
E = e 0

The tangential electric field on the surface of the metal post must equal

zero. We only choose one point x=D+r, z=O ) to do this:

jWY I mnwD mf(D+r)
1-- I E - cos- cos - 0

a m=O m a a

( 29 )

Hence we can obtain the expression 
of the current I: 

L.

L1

S. ,.
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2a mf mr 2mrD -

1==

(30)

Using this result, the impedance of the post jX0 is

k a wir irD
X0 -( log( 4 sin- sin-)

4 It2a a

-2mirD 1 a
+ + (1cos-)(- -) --

M=1 a TM Mir L.

(31)

If the post is located at the center (D-a/2 ),then

k a 2wr 1 a
X0= -- log(-) + Z

0 4 i a m=2 TM mit
even m

(32)

These impedances are normalized values with respect to the character-

istic impedance of the parallel-plate waveguide. The total post impe-

dance, is the sum of the ac IMPATT impedance and this post reactance.

L
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RESULTS

Once the value of the loaded impedance Z is known, the charac-
p

teristics of this structure can be found using the theory of periodic

structures. However, a different approach is used here. In practice, it

is not necessary to have many diodes and it is also desirable to keep the

total line length short to ensure operation at one frequency. That is,

the separation of the resonant frequencies becomes large as the length

decreases. As Fig. 12 shows, simple admittance transforms are used to

analyze the resulting structure. For example,

L.

- Y + tanh rdout 
Y 1  Y p_____

Y 1 + Y tanh "

LLu

Y + tanh Tdo
-n in

in

SYn tanh Tdin

( 33 )

The device should oscillate at the frequency where the imaginary part of

the input admittance Yln becomes zero.

in
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dI

~n 2 Y

Figure 12 Transmission-line model of the finite-length

periodic IMPATT oscillator
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As an example, a parallel-plate wavegulde loaded with four

IMPATT diodes is chosen. Its dimensions and the IMPATT parameters are

shown in Table 4. The waveguide is filled with polyimide which has a -

dielectric constant of t =3.4, and the device ends are assumed to ber

open-circuited. The calculated input admittance is shown in Fig. 13.

Oscillation occurs at 50 GHz in the figure where the imaginary part of

Yin becomes zero and the real part negative maximum.

i L.

*L

IL.

I, L

I.°I
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3 Table 4 Parameters of periodic IMPATT oscillator

length of parallel-plate waveguide 50 mils

width of parallel-plate waveguide 10 mils

distance between diodes 10 mils

IMPATT parameters

p+ GaAs layer N N0 5.OxlO2"/m3 0.1 um

p GaAs layer N =1.5xl10 23/M3 0.35 um

n GaAs layer CNA1.5xl102 3/M3 ) 0.35 um

n+ GaAs layer (NA=S. OXlz024M ) 0.1 UM

r
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CHAPTER 6 CONCLUSIONS

Part II covered the theoretical discussion of the travel-

ling-wave IMPATT diode. Small-signal theory governing the behavior of

an electromagnetic wave travelling in such a structure was developed.

The theory showed the conditions where the device produces gain. Using

the theory, one can predict the performance of the travelling-wave

IMPATT diode. Experimental results obtained elsewhere confirm the theo-

ry, although the device behavior near avalanche resonance could not be I

predicted well.

The periodic IMPATT oscillator was also discussed as another

form of the travelling-wave structure. A simple theory predicted the k

oscillation frequency.

4.

L ,



APPENDIX A PROGRAM LISTING

Appendix A contains the FORTRAN program code for the analysis of

the propagation characteristics of the travelling-wave double-drift

IMPATT diode. The subprogram RKF45 is found in the NATEXT library, and

ZSPOW and ZANLYT are found in the IMSL library in The University of Texas

Numerical Analysis Library.

L

L
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PROGRAM IMPATT iTTY. OUTPUT. TAPEI. TAPE5-TTY. TAPE6-TTY)
C
C.

C
C COMPUTATION OF THE COMPLEX PROPAGATION CONSTANT
C OF THE TRAVELLING-WAVE DOUBLE-DRIFT IMPATT DIODE
C
C
C
C STRUCTURE
C
C THE CROSS SECTION OF THE STRUCTURE IS SHOWN
C BELOW:
C
C GOLD
C ----------

C Ti TITANIUM
C ------
C T2 N+ GAAS
C ------
C TN N ,AAS
C ------
C TP P GAAS
C ------

C T3 P+ GAAS L
C ------
C T4 TITANIUM
C ----------

c GOLD
C
C
C Ti - T4 ... THICKNESS OF EACH LAYER
C (VALUES ARE ASSIGNED IN THE PROGRAM.) .
C IMPURITY DENSITY OF EACH LAYER IS GIVEN BY
C THE FUNCTION DENS(X).
C GOLD LAYERS ARE ASSUMED TO BE SEMI-INFINITELY
C THICK.
C
C
C LIBRARIES NALIB4 (RKF45)
C IMSLIBF (ZSPOWZANLYT) L.
CcC

COMMON /BASE/PI, DCJ, , EPSO, AMUO. OMEGA
COMMON /BASEM/VP, VN, GMUN, GMUP. EPSO
COMMON /ACTIVE/TN, TP
COMMON /DOUND/XIXF
COMMON /LAYER/ZEPSO, ZEPS. T
COMMON /PROP/ZGAM, ZD
COMMON /ACEX I/ZEXI
COMPLEX ZEPSO. ZEPS
COMPLEX ZJ. ZGAM, ZEXI, ZD, ZDET, CX
DIMENSION ZEPS(6),CX(2), INFER(2)
DIMENSION X(2). F(2).PAR(2),WORK(21),S(6),T(&)
EXTERNAL FCN, ZDET

C
C BASIC CONSTANTS.
C

ZJ - (0.0,1.0)
PI - 3. 14159265259
DBN , 8.6859E-3

.°. . . . . . . . . . . . . . . . . . . . . . . ".-
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ONUN - 0. 85
GMUP - 0. 04
Q - 1.602E-19
EPSO - 8.8954E-12
EPSG - 13.0
AMUO -4.0*PI/1.E7
VP - 6. 0E4
VN -6. 0E4

C THICKNESS OF EACH LAYER.
C

Ti - 0. 1E-6
T2 -0. 2E-6
T3 - 0. 2E-6
T4 - 0. IE-6
TN - 0. 3E-6
TP - 0. 3E-6

CL
C CONDUCTIVITIES.
C

SGOLD -4. 3E7
S(1) 1.8E6
S(2) Q *GICN*ENS(-TN/2.0)
S(3) -Q*GMUN*DENS(TN/2.0)
S(4) -- G*GMUP*DENS(TN+eTP/2.0)
9(5) -- Q*GML'P*OENS(TN+TP+TP/2.0)
S(6) -1.8E6

C
C START DC CALCULATION WHICH DETERMINES
C THE BOUNDARIES OF THE ACTIVE REGION.
C
1000 WRITE (6, 100)
100 FORMAT ( /5X. 'DC CURRENT (A/M2)'

READ (5., DCJ
C

NSIG - e
N -2
ITMAX 50S
X(I) -0.05*TN
X(2) -0.95*(TN+TP)

C
CALL ZSPOW (FCNI. NUIG. N.ITMAX. PAR. X. PNORM,

I WORK. ZER)
C

XI - XCI)
XF - X(2)
WRITE (6,200) XI. XF. ER

200 FORMAT ( /5X. 'Xl='.E12.6.3X, 'XF-',E12.6.3X. 'IER-'.13
C
C DETERMINE BOUNDARIES FOR THE CALCULATION
C OF THE PROPAGATION CONSTANT.
C

T(I) - TI
T(2) - T2
T(3) - XI
IF ( XI GE. 0.0) GO TOI10
T(2) - T2+XI
T(3) - 0.0

10 T(4 - TN+TP-XF L
T(5) - T3
IF tXF LT TN+TP GO TO 20
T(4) -0.0



50

T()- T3+TN+TP-XF
20 T(6) - T4

C
C START AC CALCULATION WHICH DETERMINES
C W -E COMPLEX PROPAGATION CO'NSTANT.
C
2000 WRITE (6. 110)
110 FORMAT ( /5X. 'FREQUENCY (0HZ)'

READ (5, *)FREG
C

OMEGA - 2.OE9*PI.FREG
AKO -OMEGA/3. OES
ZEPSO - EPSO-ZJ*SGOLD/OMEGA
ZEPS(l) - EPSO-ZJ*S(1)/OEGA
ZEPS(2) -EPSO*EPSG-ZJ*S(2)OMEGA
ZEPS(3) - EPSO.EPSG-ZJ*S(3)/MECA
ZEPS(4) - EPSO*EPSG-ZJ*S(4)/OMECA
ZEPS(5) - EPSO*EPSO-IJ*S(5)/OMEGA
ZEPS(6) - EPSO-ZJ*S(6)/OMEGA

C
NSIG -3
ITMAX =25

30 WRITE (6,230)
230 FORMAT ( /5X. 'INITIAL GUESS :ALPHA. BETA, 1/2'

I /21X. '1 . .. NEPER/M. /M'
2 /21X, '2 .. DB/MM, DETA/IK0')L
READ (5, ALPHA1.DETAI.K'
IF (KK EQ. 1 ) 00 TO40
IF (KK.NE. 2 ) 00 TO30
ALPHAI ALPHAI/DBN
BETAI B ETAI*AK0

40 CX(1) -ALPHA1 + ZJ*BETAI
ZEX I =(1. 0.1. 0)

C
CALL ZANLYT (2DF-T,.0 ONSIG00 1. 1CX. ITMAX.
1 INFER, IER)

C
IF ( AIIIAG(CX(1)) +LT. 0.0 )CX(l) u-CX(1)

ALPHAI REAL(CX(1))
BETAI =AIMAG(CX(1))

C
ALPHA2 =ALPHAI*DDN
DETA2 B ETAl/AKO

C
WRITE (6,240) DCJ.XI.XF,FREG,
1 ALPI4AI. ALPHA2. DETAI, DETA2. IER

240 FORMAT ( I/5X, 'DC CURRENT - .E1O.4. ' A/M'
1 /BX. '( XI - '.E1O. 4. ', XF - 'E1O. 4. ' )
2 /5X, 'FREQUENCY -'F6. 2. ' 0HZ'
3 //5X. 'ATTEN. CONST. - '.EIO.4. ' NEPER/M. '.

4 EIO.4. ' DB/MM'/5X. 'PROP. CONST. -',E10. 4,
5 ' /M, DETA/KO -'.FIO.6,3X.'IER -'.13
WRITE (1.240) DC.J,XI.XF,FREG,

1 ALPHAI. ALPHA2. DETAl. DETA2. JER
C

50 WRITE (6,250)
250 FORMAT ( /5X, '1 ... CHANGE DC CURRENT'

1 /5X, '2 -. CHANGE FREQUENCY'
2 /5X, '3 ... CALCULATE FIELD COMPONENTS' L
3 /5X,'4 ... SrOP'
READ (3,4 ICTRL
IF ICTRL .EQ+ 1I GO TO 1000
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IF ( ICTRL EQ. 2 ) GO TO 2000
IF ( ICTRL NE. 3 ) STOP

C
CALL FLDPRT (50)

C
0O TO 50

C
END

C

C
SUBDROUTINE FCN1 (X.F.N-PAR)

C SOLVE DC EQUAT IONS.
C

DIMENSION X(2),F(2),PAR(2),Y(2).WORK(63),IWORK(5)
COMMON /RKJIJNK/WORK. IW-:RK
COMMON /DAS-E/PI. DCJ.0. EPSO. AMUO, OMEGA
COMMON /BAzSEM/VP. VN. GtUN. ONUP.EPSG
EXTERNAL DCEON

C
NEQN - 2
IFLAG -1
RELERR - .OE-S
ABSERR -0. 0

X1 - X(1)
X2 - X(2)
Y(1) - 0.0
Y(2) - DCJ

CALL RKF43 (DCEON. NEON,V. XI, X2.RELERR. ABSERR,
1 IFLAG. WORK. IWORK)

IF ( IFLAG .NE. 2 ) GO TO 1000
F(l) - YCI)
F(2) - Y(2)
WRITE (6,200) X(1).XC2),FC1),F(2)

200 FORMAT ( X. 'XI=',E9.3,' XF-.,E9.3,1 DCEX='.
1 E9. 3, DCJN-' E9. 3
RETURN

C
1000 WRITE (4.,1010) IFLAG
1010 FORMAT (/SX. 'ERROR (FCNI-RKF45) ... IFLAG-'.I3

RETURN
END

C
C
C
C
C

SUBROUTINE DCEGN( X,YV.YPRIE)
C
C DC EQUATIONS.
C

DIMENSION Y(2). VPRIME(2)
COMMON /BASE /PI1. DCJ, 0, EPSO. AMUO, OMEGAL.
COMMON /BASEM/ VP. VN. MUN. MUP. EPSG

C
DCEA Y(1)
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DC.JN V (2)
C

YPRIME(1) = (G*t'ENS(X).eDCJ/VP-DCJN.(I /VP.1. /VN))1 /Eps'0/Epsc
YRI.i2 - GENA(DCEX)*DCJ.N-QEN(DCEX)*(DCJ.DCJN)

C
RETURN
END

C
C
C
C
C

COMPLEX FUNCTION ZOET (ZGAMMA)
C
C SOLVE FOR THE PROPAGAT ION CONSTANT.

COMPLEX ZOAMIA.ZGAM. ZEXI. ZD. ZJ
COMMON /PROP /20AM. 20
COMMON /ACEX 1/ZEXI
EXTERNAL FCN2

C
ZGAM - ZGAMMA
EPS = 0. 0
NSIQ -5
ITMAX -23

C
CALL ZCOMIP (FCN2, ZEXY. EPS. NUO. ITMAX. ICOND)

C
ZDET a ZD
WRITE (6,200) ZGAMZDET,ICOND

200 FORMAT ( 5X. 'ZGAM m'.E9.3,XE9.3.' ZDET -
I E9.3,X,E9.3.' ICOND='.I1
RETURN tEND

C
C
C
C
C

SUBROUTINE FCN2 (ZJNZEXI)
C
C MATCH BOUNDARY CONDITIONS. L
C

DIMENSION Y(10).W0RK(63), IWORK(5)
DIMEN~SION T(6. ZEPS(6)
COM4PLEX ZEPSO. ZEPS. ZQAM, ZEXI, 20.ZKX. ZJ
COMPLEX ZJP. ZJN. ZEX, ZEXP. THY. ZEZ, 221.ZZ2. ZA, 23COMMON IDASEIPI, DCJ. 0.EPSO. AMUO. OMEGA
COMMON /BASEMVVP. VN. OMUN. OMUP. EPSG
COMMON /RKJUJN/WORK, IWORK
COMMON /3OUND/XI.XF
COMMON /PROP 120AM. 20
COMMON /LKAE/ZEPSO. ZEPS. T
EXTERNAL ACEGN

C
Z.J -(0. 0.1. 0)
ZEX -ZEXIL

C
C UPPER COLD REGION
C

ZKX CSGRT( ZGAMI*ZQAM+OMEGA*CMEGA*ZEPSO*AmUO)

. . . . . . . .. . .
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IF AIMAGiZKX) GT. 0.0 ZKX -- ZKX
ZMY -(1.0.0.0)
ZEZ - ZKX/OMEGA/ZEPSO

C
C TITANIUM,. N+ AND N REGIONS
C

D0 30 1-1.3
IF VT(I) .EQ. 0. 0 ) GO TO 30
ZKX -CSORT(ZGAM*ZGAMO4EGA'OMEGA.ZEPS I )*AMUO)
ZA -0. 54(ZHYeOMEGA*ZEPS(I)'ZEZ/ZKX)
ZI 0. 5*(ZHY-OmEGA*ZE'PS(I)*ZEZ/ZIKX)
ZHY - ZA*CEXPCZJ*ZKX*T(I)) + ZD.CEXP(-ZJ*ZKX*T(l))
ZEZ - (ZA*CEXP(Zj*ZKX*T(I)) -ZD*CEXP(-Z.J*7KX*T(l)))

1 *ZKX/OMEGA/ZEPS( I)
30 CONTINUE

C
C ACTIVE REGION

NEGN - 10
IFLAS I
RELERR - .OE-9
ABSERR = .OE-12
X1 - XI
X2 - XF
ZJN =ZGAM*ZHY-Z~j*OMEGA*EPSO*EPSG*ZEX -

ZEXP -ZGAM*ZEZ-ZJN!VN/EPSO'EPSG
Yc1) -0.0

Y(2) DCJ
Y(3) -0.0
Y(4) u0.0
Y(5) -REALCZJN)
Y(&) -AIMAG(ZJN)
Y(7) -REAL(ZEX)
Y(8) AIMAG(ZEX)
Y(9) -REAL(ZEXP)
Y(10) -AIMAG(ZEXP)

C
CALL RKF45 (ACEON. NEON. .XI. X2, RELERR. ABSERA,

I IFLAG. WORK, IWORK)
C

IF CIFLAG NE. 2 ) 0 TO 1000
ZJP -Y(3) + ZJ*Y(4)
ZJN -Y(5) + ZJ.Y(6)
ZEX -Y(7) + ZJ*Y(U)
ZEXP uY(9) +. ZJ*Y(l0)
ZEZ -(ZEXP-( ZJPIVP-ZJN/VN) /EPSO/EPSG)/ZGAM
ZHY = CZJ*OMECA*EPS0*EPSG*ZEX+ZJP.ZJN)/ZGA1
ZZI -ZEZ / ZHY

C
C LOWER GOLD REGION
C

ZKX - CSGRT( ZGAiM*ZAM+OtEGAOMEGA*ZEPSO*AMU0)
IF CAIMAG(ZKX) .LT. 0.0 ) ZKX -- ZKX
ZMY -(1.0.0+0)
ZEZ =ZKX/OMECA/ZEPSO

C
C TITANIUMI. P+ AND P REGIONS

C DO 40 IDUM-1.3 -

I - 7-IDUM
IF T(I) EQ 0.0 ) 0O TO 40
ZKX -CSQRT' ZGAM*ZaAr.OMEGA4CMEGA*ZEPS( I .*AMUO)
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ZB : 0. 5*ZHV:OM.EGA:ZEPS(I)*ZEZ/ZKX)

ZI4Y -ZA*CEXP(-ZJ*ZKX*T(l)) + ZB*CEXP(ZJ*ZKX*T(I))
ZEZ - (ZA*CEXP(-ZJ*ZKX*T(l) - ZB*CEXP(ZJ*ZKX*TC I)))

I *ZKX/.OMEGA/ZEPSt i)
40 CONTINUE

C
ZZ2 -ZEZ /ZI4Y
ZD - ZZ1 - ZZ2

C WRITE (6.200) ZEXI,ZJN
C 200 FORMAT (5X. 'ZEXIm'.E9.3,X,E9.3.1 ZJN'.E9.3,
C 1 XE9.3

RETURN
C
1000 WRITE (6. 1010) IFLAO
1010 FORMAT (/5X. 'ERROR (FCN2-RKF45) ... IFLAG:'. 13

RETURN
END

C

C
C
C

SUBROUTINE ACEW1 (X.Y.YPRIME)
C 

-C AC EQUATIONS.
C

DIMENSION Y(10),yPRIMECIO)
COMPLEX ZJ Zl.-Z2. Z3. ZJP.Z 4IN.ZEX. ZEXP
COMPLEX ZJPP. ZJNP. ZEXPPZGAM. ZD
COMMON /BASE /P I. DCJ. 0. EPSO, AMUO. OMEGA
COMMON /BASEM/ VP.VN. OPUN. OMUP.EPSO
COMMON /PROP/ZGAM, ZD

C
ZJ - (0. 0. 10)
DCEX -Y(1)
DCJN -Y(2)
DCJP DCJ -DCJN

ZJP =Y(3) *ZJD*Y(4)
ZJN -Y(3) + ZJ*Y(6)
ZEX -Y(7) + Z~J.yc8
ZEXP Y (9) +Zj*y(l0)

C 
- -Zl - (ZJ*OMEGA4GMUN*DCJN/VN/EPS0/EPSG)/VN - ENA(DCEX)

Z2 - -GMUN*DC.JN/VN/VP/EPSO/EPSG-QEND(DCEX)
Z3 - -DCJN*GENAP DCEX )-DCJP4GENDP (DCEX)
ZJNP -Z14ZJN*Z2*ZJP+Z3*ZEX+GMUN*DCJ)N/VN*ZEXP

C
ZI - -(ZJ*OME0Ai.GMUP*DCJP/VP/F-P9Q/EPSG)/VP + GENB(DCEX)
Z2 a OrHJP*DCJP/VP/VN/EPSO/EPSGGENA(DCEX)
Z3 - DCJN*GENAP ( CEX )+DCJP*QENDP (DCEX)
ZJPP a Zl*ZJP*Z2*ZJN*Z3*ZEX4GMUP.DCJP/VP*ZEXP

C
Z I - -ZGAM*ZGAM-OMEA*OM.EAAMU0EPS0.EPS0
Z2 - (ZJPP/VP-ZJNP/yN)/EPS0/EPSG
Z3 a ZJ'OMEQA.AMUO*(ZJN.ZJP)
ZEXPP - Zl*ZEX + Z2 + Z3

YPRIME( 1) - (G*IENSX)DCJP/VP-DCJN/VN)
1 'EPso/EPSO
YPRIME(2) - -GEJA(DCEX)*DCJNJ-GEND(DCEX )*DCJP
YPRIME(3) -REAtZ.JPP)
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YPRIMEM4 - AIMA,;(ZJPP)
YPRIME(5) = REAL(Z.JNP)
YPRIME(&) = AIMA,;(ZJNP)
YPRIMEM7 - REAL(ZEXP)
YPRIME(9) - AIMAQ(ZEXP)
YPRItIE(9) - REAL(ZEXPP)
YPRIME(1o) -AIMAG(ZEXPP)

C
RETURN
END

C
C
C
C
C

SUBROUTINE FLDPRT (M)
C
C PRINT DC AND AC FIELD COMPONENTS IN
C THE ACTIVE IIPATT REGION.
C

DIMENSION Y(IO),WO)RK(63). IWORK(5)
DIMENSION T(6W, ZEPS(6)
COMPLEX ZJ, ZGAM. ZEXI. ZD. ZEPSO. ZEPS. ZKX
COMPLEX ZJP. ZJN. ZEX. ZEXP, ZHY. ZEZ, ZZI. ZZ2. ZA. ZSCOMMON /RKJUNK/WORK, IWORIK
COMMON /BASE/PI. DCJ. 0. PSO. AMUO. OMEGA LCOMMON /UASEM/VP. VN. ONUN. OMUP. EPSG
COMMON /UOUND/XI,XF
COMMON /LAYER/ZEPSO, ZEPS. T
COMMON /PROP/ZOAM, ZD
COMMON /ACEXI/ZaxI
EXTERNAL ACEON

C J-(.Ot0
ZEX - ZEXI

C
C UPPER COLD REGION
C

-~ CSGRT (ZGAM* ZGAM+O#.EGA*OMEGA*ZEPSO*AMUO)
IF (AXMAG(ZKiX) CQT. 0.0 ) ZKX -- ZKX
ZHV (1.0.0.0)p C ZEZ -ZIKX/OMEGA/ZEPSO

C TITANIUM, N*. AND N REGIONS
C

DO 30 1-1,3
IF (T41) .EO. 0.0 C)OTO 30
ZKX CSGRTC ZOAM*ZGAM.OIIEGA*OMEGA*ZEPS( I )AIIUO)
ZA -0. 5'(ZHY.OIMEGA*ZEPS( I)*ZEZ/ZKX)
ZI 0. 5*(ZHY-OIMEGA*ZEPS(I)*ZEZ/ZKX)
ZMV - ZA*CEXP(ZJ*ZKX*T(I)) + ZB*CEXP-ZJ*ZKX*T(I))
ZEZ - (ZA*CEXP(ZJ*ZKX*T(I)) -ZD*CEXP(-ZJ*ZKX*T(i)))

I *ZKX/OMEGA/ZEPS( 1)
30 CONTINUE

C
C ACTIVE REGION
C

NEON 1n0
IFLAG 1
RELERR - 1.OE-8
ABSERA - 1.OE-12
XI XI
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ZJN -ZOAM*ZNY-ZJ*O4EGA*EPSO4.EPSG*ZEX
ZEXP -ZOAM*ZEZ-ZJN/VN/EPSO/EPSO
VI!) 0.0ACZN

Y(3) -0.0

Y(6) -AIMAO(ZJN)
Y(7) -REALIZEX)
Y(8) -AIMAO(ZEX)
Y(9) -REAL(ZEXP)
Y(10) -AIMAG(ZEXP)

C
WRITE (1,200)

200 FORMAT ( //7X. 'X',9X. 'DCEX'.S3X. 'DCJN'. 14X, 'ACEX'.
I19IX, 'ACJP', 19X. 'ACJN'/)
WRITE (6,210)

210 FORMAT ( /&X, 'X',6X. 'DCEX'.6X. 'DCJN'I1X. 'ACEX'.

1 16X. 'ACJP')

WRITE (1,220) X1.YC1),Y(2),Y(7),Y(8),(Y(Ii.1=3,6)
220 FORMAT ( 3X,E9.3.2(2X.El0.4).

I 3(2X. E1O. 4. K. 1. 4))
WRITE (6o230) X1.Y(1),Y(2),Y(7).Y(S).Y(3),Y(4)

230 FORMAT ( X.E.2,6(X.E9.3)

DO 10 J-1I1 L
X2 - XI+J*(XF-X!)/M

C
CALL RKF45 (ACEGN. NEON,YV.Xl. X2.RELERR. ADSERR.

1 IFLAQ.WORKIWORK)
C

WRITE (1,220) X1.Y(I),Y(2),Y(7),Y(9),(Y(I).1-3.6)
IF ( J. NE. J/10*10 AND. J.NE.M ) GO TO 10

WRITE (6.230) XI. Y(t).Y(21,Y(71.Y(B).Y(3).Y(4)

10 CONTINUE
RETURN
END

C
C
c
c
C

REAL FUNCTION DENS(X)
C
C IMPURITY DENSITY FUNCTION IN THE
C IMPATT DIODE.
C

COMMON /ACTIVE/TN. TP
C

IF (X.E. 0.0) GO TOlO0
DENS -5. 0E24
RETURN

C
10OIF CX.E. TN) G 0TO020

DENS - 1. 5E23
RETURN

C
20 IF ( GE. TN+TP GO TO30

DENS - -1. 5E23
RETURN



57

C
30 DENS -5. 0E24

RETURN
END

C
C
C
C
C

REAL FUNCTION GENA(DCEX)

C GENERATION RATE FOR ELECTRONS.
10GNA .

IF ( DCEX .LT. 10. ) 00OTO 10
GENA - 3. 5E7*EXP'-. 85E7/DCEX)**2)

RETURN

C
C
C

REAL FUNCTION GENAP(DCEX)

C 1ST DERIVATIVE OF GENA(DCEX).
C

IF ( DCEX .LT 10. ) 00TO 10
GENAP - 2. 0*(6. e5E7)**2*GENA(DCEX)/DCEX**3
RETURN

10 GENAP - 0.0
RETURN
END

C
C
C
C

REAL FUNCTION GENB(DCEX)
C
C GENERATION RATE FOR HOLES.

IC IF ( DCEX .LT 10. ) 00OTO 10
GEND - 3. 5E7*EXP(-. 85E7/DCEX )**2)
RETURN

10 GENB - 0. 0
RETURN
END

C
C
C

r C
C

REAL FUNCTION OENDP(DCEX)
I.. C

C 1ST DERIVATIVE OF GEND(DCEX).
C

IF (DCEX.LT 10, )00TO 10
GENOP - 2. Oe&. 95E7)**2*OEND(DCEX )/DCEX**3
RETURN

*10 OENDP - 0.0
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RETURN
END

C
C
C

SUBROUTINE ZCOMP (USERZ.EPSNSIGITMAX.ICOND
C
C COMPLEX ROOT SEARCH : F(Z) - 0.
C
C USER ... USER SUPPLIED SUBROUTINE SUBPROGRAM IN
C THE FORM USER(FZ). WHICH RETURNS THE
C VALUE OF THE FUNCTION F(Z) CORRESPONDING
C TO THE INPUT VALUE OF Z.
C Z ... ON INPUT, Z CONTAINS AN INITIAL GUESS
C OF THE ROOT TO BE FOUND.
C EPS ... 1ST CONVERGENCE CRITERION.
C ADS(Z-ZP) < EPS : ZP IS PREVIOUS Z.
C NSIG ... 2ND CONVERGENCE CRITERION.
C ABS((Z-ZP)/Z) < 10**(-NSIG)
C IThAX .. MAXIMUM ALLOWABLE NUMBER OF ITERATION.
C ICOND .. ERROR STATUS.
C 0 - CRITERIA NOT MET (ERROR)
C I - IST CRITERION MET
C 2 - 2ND CRITERION MET
C L.

COMPLEX Z. ZI, Z2, RT, FO, Ft. FP, FRT
C

IT - 1
DIOT 1 10. 0**(-NSIG)
FRT - (0.0.0.0)

C
Z1 - (1.0.1.0)
IF (CABS(Z) .EQ. 0.0 ) G0 TO 10
ZI I 1*Z

10 RT Z I
GO TO 50

20 IF( IT .NE. 2) GO TO 30
Fl =FRT
RT Z
GO TO 50

30 FO - FRT
FP - (FI-FO)/(ZI-Z)
Z2 - Z - FO/FP
IF (CABS(Z-Z2) , GE. CABS(ZI-Z2) ) GO TO 40
Z1 - Z
Ft - FO

40 Z Z2
C
C CONVERGENCE CHECK

IF ( CABS(Z-Z1) .LT. EPS ) GO TO 60
IF ( REAL(Z)*AIMAG(Z) EQ. 0.0 ) GO TO 45
IF ( ABS(REAL(Z-ZI)/REAL(Z)) .LT. DIGT AND.

I ABS(AIMAGC(Z-Zl)/AIMAG(Z)) .LT. DIGT )
2 0 TO 70

45 RT - Z
50 CALL USER(FRT.RT) L

IT - IT + I
C
C ITMAX CHECK

... . . . . . . . . . . . ...
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IF (IT LE. ITMAX GO TO 20

C
C ITMAX EXCEEDED
c

WRITE (6,1000) IT
1000 FORMAT ( /SX. 'EROR (ZCOIIP) .. ZTMAX EXCEEDED. (1,

1 Z3.')')
ICOND =0
RETURN

C
60 ICOND -I

RETURN
C

70 ICOND a2
RETURN
END

C
C
C -- END OF THE PROGRAM -

C
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